Abstract Algal mats in lakes and reservoirs can transport diaspores and carpological remains of plants, and thus may influence the creation of taphocoenoses. In 2012, I quantified carpological remains in two types of algal mats from a small reservoir in southern Poland. Mats formed by filamentous algae participate primarily in the original transport of diaspores, and can influence their concentration and facilitate their migration, mainly between the shores of the reservoir. Diatom mats partake primarily in diaspore redeposition, but can also cause their dispersal between the shore zone and the central part of the reservoir. This research demonstrates that mats built by diatoms contain far more remains and are more biologically diverse than filamentous algal mats. Movement of carpological remains observed in both types of algal mats points to their role in the formation of taphocoenoses and suggests that algal mats must be considered when interpreting macrofossil records.
Introduction
Sediments that accumulate in lakes and peat bogs provide valuable records of past changes in aquatic environments (Tobolski 2000; Fabiańska et al. 2014) . Analysis of plant macroremains is one of the most important and frequently used methods for inferring past environmental change (Dieffenbacher-Krall and Nurse 2005; Rasmussen and Anderson 2005; Birks 2007; Nita and Szymczyk 2010; Hrynowiecka and Szymczyk 2011) . Increasingly, paleoecological methods are used to obtain valuable data for conservation and restoration of lacustrine ecosystems (Konieczna and Kowalewski 2009) . Reconstructions of changes that occurred in phytocoenoses and in the environment, especially those that use analysis of macroscopic remains, including carpological remains, require knowledge of taphocoenosis formation (Szymczyk 2012) , and of the complex relations between the macrofossil assemblage and contemporary vegetation (Zhao et al. 2006; Dieffenbacher-Krall 2007) . Knowledge of the mechanisms that affect the distribution and abundance of remains in a reservoir is crucial for the interpretation of results.
Many complex factors affect the original transport of diaspores to their place of deposition and possible redeposition. However, a key factor that determines the distribution of seeds and fruits in a reservoir is their ability to float on the water surface (Birks 1973; Davis 1985; Szymczyk 2012) . That ability and their dispersal over large distances enables many seeds and fruits, especially from rushes (Sculthorpe 1967) to occupy a diverse range of environmental conditions. Several adaptations promote widepsread dispersal, including the occurrence of aerenchyma tissue (Guppy 1906; Barrat-Segretain 1996) , possession of a hydrophobic seed surface (Ridley 1930; van der Pijl 1969) , and small mass (Müller-Schneider 1983; van der Pijl 1969) , as is common in anemochorous species. Owing to these adaptations, some diaspores can float on the water surface for periods of weeks to several months (van den Broek et al. 2005) . During that time, they can be tranpsorted by water currents or wind (Griffith and Forseth 2002; Boedeltje et al. 2003 ) over distances ranging from several to [100 km (Andersson 2000) . For many species, this ability enables them to spread across even the largest lakes. Anemochorous and zoochorous seeds also move long distances, the latter using fish or birds for transport Santamaria et al. 2002) . Many seeds, however, especially those of water plants, float on the surface for a short time (Sculthorpe 1967; Johansson and Nilsson 1993 ) and tend to be deposited near the parent plant. Such seeds can move over large distances only with the aid of carriers or through redeposition.
Algal mats that amass periodically on the sediment surface and that later rise and drift on the water surface, can also transport and redeposit plant remains. Presence of algal mats on the surface of sediments is relatively common in both fresh (Wetzel 1996; Geddes 1997 ) and salt waters (Sundback et al. 1996) . These mats can be composed of algae with filamentous thalli, diatoms, or cyanobacteria (Hillebrand 1983; Wetzel 1996) . Their specific composition depends on the habitat preferences of the component species and they can be very diverse in reservoirs (Scheffer 2001) . Many studies have shown that the species composition of algal mats can change seasonally in response to shifts in the availability of light, water temperature, and phosphorus, nitrogen and silica concentrations (Borchardt 1996; Goldsborough and Robinson 1996; McDougal et al. 1997; Anderson et al. 2004) . In general, however, the formation of algal and cyanobacterial mats is determined primarily by periodic changes in trophic state (Rosenberg et al. 1990; Wetzel1996) . Competition between macrophytes and microalgae for nutrients and light (Ozimek 1990; Scheffer 2001; Irfanullah and Moss 2005) means that shallow-water reservoirs and the littoral areas of large lakes with sediments only sparsely covered by macrophytes, are particularly suited for the formation of algal mats. The ecological preferences of algal species that dominate mats may cause proliferation to occur in reservoirs at different times. For example, in regions with a moderate climate, mats dominated by filamentous algae form no earlier than March (Wetzel 1996; Zohary et al. 1998 ). On the other hand, personal observations indicate that biofilms that form on sediments and are composed mainly of diatoms develop as soon as the ice melts. Regardless of their composition, all mats that form on the sediment surface or on aquatic plants, can be ripped from the substrate (Geddes 1997 ) and float to the water surface, where they drift and form rafts, as a result of gas bubbles that form during photosynthesis. Floating diatom mats carry a layer of the bottom sediments, enabled by their release of sticky, extracellular polymeric substances (Sutherland et al. 1998; Decho 2000) , and therefore are capable of transporting diaspores they intercept on the water surface, as well as seeds and fruits lifted with the bottom sediments below.
The role of algal mats in the spread of diaspores in reservoirs and the creation of taphocoenoses has not been well studied. On the other hand, much research has been devoted to the conditions under which these mats form (Wetzel 1996; Zohary et al. 1998; Berry and Lembi 2000) , their function in ecosystems (Hillebrand 1983; Usher and Blinn 1990; Falkowski and Raven 2007) , and their role in the stabilization and prevention of sediment resuspension, and the cycling of phosphorus, nitrogen and carbon (Ozimek 1990; Goldsborough and Robinson 1996; McDougal et al. 1997; Scheffer 2001; Frost and Elser 2002; Widdows et al. 2004; Irfanullah and Moss 2005) . Given the conditions that facilitate formation of algal mats, it is reasonable to assume that floating algal rafts played an important role in the early development of many lake ecosystems. This could be true especially for lakes at an early stage of evolution when they had little macrophyte biomass, but sufficient light penetration to support plant growth.
This study was undertaken to examine whether algal mats that form in reservoirs transport diaspores and carpological remains of plants, especially between the littoral zone and the central part of the reservoir, and thus affect taphocoenoses formation. At the same time, I conducted an assessment of the scale of diaspore and carpological transport for the different ecological groups of plants that grow in the reservoir and its immediate surrounding.
Study site
Although algal mat formation is common, it does not occur in all reservoirs. It is even less commonplace to observe biofilms built by diatoms, and mats created mainly by filamentous algae, in the same reservoir. I, however, selected for study a small reservoir in southern Poland (Fig. 1) , in which both types of algal mats were observed regularly. Floating mats of filamentous algae can be observed even in late summer, when fruits begin to ripen and most plants in hydrogenic habitats disperse seeds. The study system is a small reservoir (0.45 ha) that was created in the 1950s by flooding of an excavated sand pit located in the upper section of a valley. The reservoir does not have a control dam and thus has a stable water level. It is supplied by stream input and is connected by a small isthmus, which is vegetated by rushes, to another small reservoir at higher elevation. The maximum depth of the study reservoir is *2.5 m. Almost 40 % of the basin consists of shoals with depths up to 0.5 m (Fig. 1) , which are sparsely vegetated or barren. High water transparency makes these shoals ideal locations for periodic development of biofilm sediments, built by diatoms, and growth of filamentous algae. The reservoir is surrounded by forests composed of multiple plant species (Fig. 1) . The northern part of the drainage basin is quite steep and sandy shores have enabled development of small patches of grassland plants, which also grow along paths near small bays. A small part of the embankment Vegetation patches occupy about 40 % of the reservoir area. Rush stands are quite well developed, especially in the eastern part of the lake, and carpological remains of the species there are frequently found in Holocene and Pleistocene lake sediments.
Materials and methods
The study of plant community composition, diversity and distribution in the reservoir was conducted in August 2012. Species were assigned to four groups related to habitat type: (1) stoneworts, submerged plants and plants with floating leaves; (2) rush plants and those related to rush phytocoenoses; (3) plants from terrestral habitats in the reservoir basin; and (4) trees and shrubs. A pontoon boat was used to sample the reservoir. Transects were designated to assess the general abundance of plant species in the reservoir. To assess the abundance of macrophytes, the DAFOR (dominant, abundant, frequent, occasional, rare) fivedegree scale was used (Palmer et al. 1992) . At the same time, a floristic list was made. While study of the vegetation along the transects was conducted, a survey of water depths was also made, which enabled the production of a bathymetric map of the reservoir.
Samples of algal mats were collected from the water surface during periods of peak occurrence using a sieve with 0.2-mm mesh. Mats built mostly by diatoms were collected in late April and early May 2012, whereas samples of mats formed primarily by filamentous algae were collected in mid-September 2012. In total, 60 samples of algal mats were collected, each of which was 400 cm 2 in size. Thirty of the collected samples were mats formed primarily by filamentous algae, whereas the other 30 samples were formed predominantly by diatoms.
To separate diaspores from the sediment, fresh samples from mats formed by diatoms were rinsed using a sieve with 0.2-mm mesh. Carpological remains were separated using a stereoscopic microscope. During identification of the remains, specialized keys and atlases were used (Berggren 1969; Cappers et al. 2006) . Identification was also supported by a collection of comparative samples that had been assembled previously. I was unable to classify some carpological remains to species level. This applied to seeds of genera such as Typha, Juncus, Epilobium, Mentha, Salix and of the family Poaceae, whose identification to the species level is difficult.
To determine the relationship between contemporary vegetation and its representation in the assemblage of remains in algal mats, the percentage of contemporary species represented in the macroremains assemblage was calculated. This percentage was calculated in relation to the number of all currently occurring species, without regard to the ease of identification of their carpological remains. The diversity index [H 0 ] for remains and diaspores transported in algal mats was calculated using the ShannonWiener Index (Shannon and Weaver 1949) , defined as: H 0 = -R pi ln pi, where ''pi'' is the proportion of the assemblage made up of diaspores or remains of the ith species in the sample. Then, descriptive statistics and statistical inference were used, using the formulas and methods of Sobczyk (1994) and Kończak and Trzpiot (2002) to compare species diversity of remains in both types of mats. In terms of descriptive statistics, the following measures were used: the arithmetic mean
and range area [R] . Statistical inference tests were used to evaluate the difference between means in the two populations, assuming that the variances were unequal. I applied the Student's T-distribution, using the formula proposed by Sobczyk (1994) .
Results
One-hundred-and-twenty-seven plant taxa were identified in the reservoir and the area immediately surrounding it. The surrounding mixed-species forest is dominated by Betula pendula Roth. The small patches of grassland and ruderal vegetation near the reservoir led to recovery of remains of several terrestral species. All grass species, along with the genera Cirsium and Geranium, made these the most numerous group of plants, totalling 49 species (Table 1) . The belt of rush plants, well developed particularly in the western part of the reservoir, is composed mainly of Phragmites australis (Cav.) Trin ex. Steudel, Carex rostrata Stokes, C. acutiformis L. and Sparganium erectum L. em. Rchb. Deeper sites near the shores are also vegetated by extensive patches of Sparganium emersum Rehmann. Beyond the reservoir, along the shores of the stream that supplies it and (Table 2 ). Mats built primarily by diatoms had more carpological remains, in terms of both amount and species diversity ( Table 2 ). The macroremains found in samples taken from both types of algal mats were dominated by Betula pendula fruits (Table 1) , which comprise 58.1 % of all enumerated remains. The best represented groups in the assemblages of carpological remains from algal mats were a group of rush-and rush-belt-related plants, and a group of aquatic plants (Table 2) . Considering all ecological groups of plants, the algal mats formed primarily by diatoms demonstrated a better representation of contemporary vegetation (Table 2) . The average value of the Shannon index [H 0 ] for remains in the filamentous mats was significantly lower than that for diatomaceous mats. Values for individual samples of both types of mats, however, are similar. Lowest values for filamentous mats were significantly lower than those for diatomaceous mats (Table 3) . Differences between the two groups of samples, seen in variations of the typical range area [R] and the coefficient of variation, V z , indicate greater within-group heterogeneity in H 0 values of filamentous mat samples (Table 3) .
Discussion
Research on mechanisms responsible for transport of plant seeds and fruits from hydrogenic habitats, especially between the littoral zone and the central part of the water body, are important for understanding ecology of plants, and to shed light on the formation of taphocoenoses, a process that is critical for paleobotanical and paleolimnological interpretation. Clarifying the role of algal mats in this transport is important, because they form in an array of aquatic ecosystems. Algal mats may be dominated by different algal species and cyanobacteria (Hillebrand 1983; Wetzel 1996) , with very different habitat requirements (Scheffer 2001) . Results of this research indicate that mats built by filamentous algae and diatoms can affect the transport of diaspores and their remains within a reservoir. In many cases one can assume that such mats played a role in the transport and formation of macroremain assemblages in the past. Evidence for the existence of conditions conducive to formation of algal mats, and their impact on the transport of diaspores and other remains, can be obtained from study of sediments. Formation of algal mats in shallow reservoirs or bays is promoted by certain conditions such as high nutrient concentrations, in combination with high water transparency maintained by abundant submerged macrophytes. Nevertheless, both types of mats tend to grow in areas unoccupied by or poorly vegetated by submerged plants, perhaps testimony to the competition between algae and macrophytes seen in other shallow water bodies (Wetzel 1996; Kornijów and Halkiewicz 2007) .
The importance of both types of algal mats for the transport of diaspores and their remains is indicated by their high concentration in collected samples with an area of 1.2 m 2 , by the large percentage of modern species represented in the macroremain assemblages, and by high values of the Shannon diversity index (Table 3) . As many as 725 diaspores from 33 taxa were found in samples from the filamentous mats, with an average of 24.2 diaspores per sample. In the mats built by diatoms, the number of diaspores, representing 53 taxa, was larger by 74.8 %, with an average of 42.2 diaspores per sample ( Table 2 ). The generally high proportion of aqueous species represented in macroremain assemblages from the algal mats (Table 2 ) (36.4 % in filamentous mats and 54.5 % in diatomaceous mats), is comparable to values obtained from surface sediment layers in similar small water bodies. Examples include Lakes Juusa and Viitna, in which the sediments contained the remains of 50 % of the extant aquatic plants (Koff and Vandel 2008), Groby Pool: 40 % (Davidson et al. 2005 ) and Lake Sławków: 60 % (Szymczyk 2012).
The common characteristic of both types of mats, essential for the transport of diaspores and their remains, is the ability to rise to the surface and drift across the lake, a consequence of trapped gas bubbles. Differences between the two mat types arise because of their stability and ability to bind to the top sediment layer. Filamentous mats display much greater durability after surfacing. They can, as shown in other lakes (Hillebrand 1983; Wetzel 1996; Geddes 1997) , float on the water surface and grow for several days or even weeks, often sinking at the shore. They owe their durability and resistance to waves to long, tangled algae thalli. In contrast, mats built mainly of diatoms were short-lived and, depending on weather conditions, degraded fairly quickly, often releasing transported remains far from the shore, near the center of the reservoir. They are bound mostly by viscous polymeric substances secreted by diatoms (Decho 2000) , which means that diatomaceous mats have a great ability to bind sediments into their matrix, incorporating as much as 3-4 mm of sediment. The ability to bind together particles of deposit is important for its stabilisation (Madsen et al. 1993 ), but may also cause bioturbation in the case of detachment of such mats from the bottom. Compared to diatoms, filamentous algae bind only a small amount of sediment. Their thalli are devoid of the substances capable of binding the particles and thus, in contrast to the biofilms formed by diatoms, they develop above the surface of the deposit and have little contact with it.
Differences between diatomaceous and filamentous mats with respect to binding the sediment, number of diaspores and their remains, and representation of species from individual ecological groups, suggest different influences on diaspore transport. This is also indicated by a statistically significant difference in average values of the Shannon index and the coefficient of variation for the two types of mats (Table 3) . The diaspores found in filamentous mats suggest they are mainly from species with anemochorous seed dispersal (e.g. Asteraceae sp., Betula pendula, Cirsium sp., Epilobium sp., Eupatorium cannabinum L., Salix sp.) or taxa whose seeds or fruits float on the water surface (e.g. Carex sp., Sparganium erectum, Persicaria amphibia (L.) S.F. Gray) ( Table 1) . As a consequence, there is generally a large proportion of fruits from rushes, adapted to floating on the water surface (Sculthorpe 1967) , whereas there is a low proportion of aquatic plant species, in terms of both presence and number, as their seeds usually sink rapidly (Table 2) . Among aquatic species, besides the floating fruit of Persicaria amphibia and Potamogeton crispus L., only one nut of Batrachium sp. was found, which is capable of floating on the water surface for a few days (Thompson 2005) , and one oospore of Chara sp. (Table 2) . A very high proportion of Betula pendula fruit (401 items), dominant among trees, and indeed all counted diaspores, was a consequence of the high number of individuals around the reservoir, which produced enormous numbers of light diaspores that float on the water. Dominance of remains from seeds and fruits that likely float on the water surface, and a lack of sediment particles brought up from the bottom, suggests that filamentous algae mats are primarily responsible for transport of diaspores. This is confirmed by the generally very good preservation of most diaspores and their location on the mat surface, which indicates they were deposited during the current growing season, and not deposited in the sediment long before. Filamentous mats also have smaller Shannon index values and a greater coefficient of variation (Table 3) , which may be linked to a lack of binding of older seeds and fruits in the sediment, mainly those that sink quickly. In the mats of filamentous algae, most remains were usually on the edges of a floating ''raft,'' suggesting that these mats capture drifting diaspores while they move across the water surface. By contrast, when they sink, they may trap and concentrate the remains, which affects the abundance and species composition of the taphocoenoses formed in the sediment. It was also observed that in the vicinity of fruit-bearing plants, filamentous mats may capture and transport falling diaspores that are unable to float on the water. This is indicated by the 27 seeds of Juncus sp. found in a single sample and seven seeds of Mentha sp. found in another. Thus, such mats may contribute to the transport of quickly sinking seeds and fruits over long distances, resulting in their concentration in a small area. It is generally assumed that such diaspores normally sink in the vicinity of the parent plants, thereby indicating well their positions, but diaspore transport by mats may complicate interpretation of the remains. This may be a problem for paleobotanical reconstruction, as well as for the use of carpological remains to reconstruct past lake level changes (Hannon and Gaillard 1997) .
Similar to the situation for filamentous mats, remains in diatomaceous mats were strongly dominated by fruits of B. pendula, with high numbers of remains in both younger, uppermost sediments (Szymczyk 2012) and older, deeper deposits (Tobolski 2000) . A significant proportion of diaspore specimens found in these mats showed signs of damage, indicating they had probably been deposited on the bottom of the water body during previous growing seasons. Along with better representing plant communities dominated by species with quickly sinking diaspores, diatomaceous mats generally possess a larger number of identified remains that were previously deposited in the sediment. This is confirmed by a higher average Shannon index value and lower coefficient of variation (Table 3 ) than in filamentous mats. Thus, I conclude that diatomaceous mats play a greater role in the redeposition of macro-remains found in the sediment, than in the primary transport of diaspores. Their importance with respect to transport of diaspores taken from the sediments is also indicated by the amount of carpological remains, particularly those of aquatic plants, which reflects well their role in the development of modern phytocoenoses, as was also seen in topmost sediments of Lake Sławków (Szymczyk 2012).
After fruits of Betula pendula, the most numerous diaspores in diatomaceous mats were mainly small, quickly sinking seeds of Juncus sp. and Mentha sp. (Table 1) . Sediments of other reservoirs also possess evidence of dispersal of seeds of these species away from parent plants (Szymczyk 2012). Similar behaviour is also observed in the case of small oospores of Chara sp. (Zhao et al. 2006 ). This study indicates that dispersal, especially of small, quickly sinking diaspores, may be influenced by diatomaceous mats, which are involved in their redeposition. The ability of diatomaceous mats to bind with the sediment and redeposit diaspores does not apply only to small, light diaspores. Generally, they dominate with respect to the total number of remains, but such mats also contain large diaspores, such as nuts of Carex sp. or even fruits of Sparganium emersum and S. erectum (Table 1) . It is also possible that large numbers of diaspores in these types of mats could indirectly contribute to greater concentrations of macroremains in the top layers of sediments in the reservoir, than in other studied water bodies. The high numbers could reflect slower decomposition of falling diaspores, protected by the protective polymers secreted by diatoms. These substances bind the sediments, limiting their disturbance and oxygen supply for a long time. Harding and Chant (2000) attributed exceptionally good preservation of Oligocene macroremains in Lake Florissant, USA to such a mechanism.
Conclusions
Algal mats built of diatoms or filamentous algae, develop periodically in lakes and serve as ''traps'' for seeds and fruits. They may represent an important factor in the dispersal of diaspores of plants that grow in and around lake basins and thus may influence the formation of taphocoenoses.
Mats built mainly by filamentous algae are involved mainly in primary transport of diaspores, transferring them between the shores of the reservoir. They mainly catch drifting rush diaspores and anemochorous diaspores of trees and other terrestrial species, thereby contributing to their concentration. They may also capture and transport over long distances seeds and fruits that are prone to sinking quickly. Such remains are usually deposited in the vicinity of parent plants and serve as good location markers in paleolimnological studies.
Mats built mainly by diatoms bind the carpological remains deposited at the bottom with the sediment, and influence redeposition of such remains. Such mats can disperse the remains and transport them between the littoral zone and the central part of the reservoir. Diatom mats transport a larger amount of more diverse remains than filamentous mats. In diatom mats, as many as 41.7 % of all taxa that occur in the lake basin were represented, including as many as 75.0 % of the species that make up rush communities.
The transport and redeposition of carpological remains by algal mats in the studied reservoir suggests that their presence should be considered when interpreting macroremain analyses. Potential formation of algal mats in shallow lakes or bays may be indicated by environmental conditions that are favourable for them, such as high trophic state along with high water transparency, and abundant benthic diatoms in the sediment, in the absence of a clear biogenic lamination. Existence of such conditions in the past and the possible influence of algal mats on the transport of carpological remains can be explored by interdisciplinary study of sediments.
